Oxygen is one of the major stimuli decreasing pulmonary whether prostaglandins play a role in the increase in pul-vascular resistance at birth (1, (13) (14) (15) . Assali et al., (16) and monary blood flow in the fetal lamb caused by an increase Heymann et al., (17) isolated the effect of a rise in oxygen tension in oxygen tension similar to that occurring at birth. To from the effect of ventilation of the lungs with a gas in acutely increase fetal oxygen tension without ventilating the lungs, instrumented fetal lambs by placing pregnant ewes in a hypernine pregnant ewes with chronically instrumented fetuses baric chamber at several atmospheres of pressure. Morin et al.
The current study was performed to determine whether the 3 to 295 2 20 ml/kg/min. It did not change pulmonary response of the fetal pulmonary circulation to oxygen is mediated arterial pressure, 52 f 2 torr during normoxia and 50 f 2 by prostaglandins. We measured the ability of prostaglandin torr during hyperoxia. Treating five of these fetuses with synthesis blockade by indomethacin to diminish the increase in 3.2 f 0.4 mg/kg of indomethacin during hyperbaric oxy-fetal pulmonary blood flow caused by an increase in oxygen genation did not alter these effects (Po2 = 51 f 8 torr, tension. pulmonary blood flow = 283 f 13 ml/kg/min, and pulmonary arterial pressure = 48 f 2 torr). We conclude that MATERIALS gestation were prepared for study. A catheter was passed from the maternal jugular vein into the right atrium for sampling of Abbreviations blood and for induction of anesthesia with 700 mg of sodium thiamylal. Surgery was then performed with the pregnant ewe PGD2, prostaglandin D2 under halothane anesthesia. The uterus was exposed through an PGE2, prostaglandin Ez abdominal incision, and the fetal head and neck were delivered 6-keto-PGE2, prostaglandin E2 through a uterine incision. An incision was made in the fetal ATA, atmosphere absolute pressure neck, and catheters were inserted into the carotid artery for measurement of systemic pressure and via the jugular vein into the superior vena cava for injection of radioactive microspheres. A left thoracotomy was performed, and a catheter was inserted into the main pulmonary artery, proximal to the branching of At birth there is a dramatic decrease in pulmonary vascular the right and left pulmonary arteries and the ductus arteriosus, resistance and increase in pulmonary blood flow (1, 2). The for measurement of pressure; sampling of blood gases and withincrease in pulmonary blood flow is necessary for the transition drawal of a reference sample during the injection of radioactive from gas exchange by the placenta gas exchange by the lung. microspheres. In each fetus a catheter was attached to the scalp For several reasons, it has been postulated that ~rostaglandlns for measurement of amniotic pressure, and the fetus was returned play an important role in the decrease in p u l m o n~ vascular to the uterus. The uterine incision was closed, the catheters resistance (3, 4) . The decrease in pulmonary vascular resistance brought out through the flank, and the maternal abdominal caused by ventilating the lungs of fetal goats can be markedly incision closed. A tracheostomy was also on the ewe attenuated by blocking prostaglandin synthesis with indometh-to control inhaled gases during hyperbaria. acin (4) . Several prostaglandins, e.g. PGDz, PGEz, 6-keto-PGE1, F~~ each measurement of pulmonary blood flow, approxiand prostacyclin, are potent dilators of the pulmonary circulation mately 8 1 0~ spheres diameter, labeled with either 153~d, in fetal and newborn goats and lambs (5) (6) (7) (8) (9) (10) . In addition, ll3sn, 1 0 3~~, 95m, Or 46sC, were injected (19) . ~h~ radioactive prostacyclin has been reported to be produced by the lungs at microspheres were mixed with 1.5 ml of maternal blood for birth (2, 11, 12) . injection. A 0.1-ml aliquot of this mixture was then counted to determine the radioactivity in the syringe before the injection.
2 ml/min during the period of injection plus 60 s, followed by a rapid I-ml manual withdrawal to eliminate settling of microspheres in the catheter (18) . The actual withdrawal rate was determined by timing the withdrawal and recording the weight increase of the syringe. During the experiment, the ewe breathed either air or 100% oxygen. These gases were administered at a flow of 12-16 liters, ambient temperature and pressure, dry/min via a 2-way breathing valve with a small dead space connected to the tracheostomy tube. The inspiration side of the valve was connected to a reservoir bag into which breathing gas was piped from outside the chamber. Another bag on the expiration side allowed the collection of expired gas so as to minimize the fire hazard to the chamber during 100% oxygen breathing. A sampling tube for a mass spectrometer was connected to the expiration exhaust line, permitting continuous monitoring of the gas. No leaks of chamber air into the system were observed. Expired gases were measured by a Perkin-Elmer MGA 1100 mass spectrometer. Radioactive counts were measured on a Searle Autogamma counter (G.D. Searle & Co., Skokie, IL) with a well crystal and automatic compensation for dead time. They were separated by a Nuclear Chicago pulse height analyzer. Fetal vascular pressures and amniotic fluid pressure were measured by Bentley Trantec transducers and recorded on a Gould direct writing recorder. Blood pH, Pcoz, and Po2 were measured by a Radiometer automated blood gas analyzer and reported at 39.5" C.
Protocol. Three days after surgery, each ewe was placed in a hyperbaric chamber where it was exposed to periods of normoxia and hyperoxia. During normoxia, the ewe breathed air at normal barometric pressure, i.e. 1 ATA. During hyperoxia, the ewe breathed 100% oxygen at 3.0 ATA. Each experiment began with a 30-min period of normoxia followed by a 20-min period of hyperoxia. Five fetuses and their ewes then received indomethacin followed by a 30-min period of hyperoxia. Each experiment concluded with a 30-min period of normoxia. All indomethacin (Indomethacin sodium trihydrate, Merck, Sharp and Dohme) was dissolved in saline immediately before administration and given intravenously at a dose of 3 mg/kg to the ewe and 10 mg to the fetus. The resulting fetal dose was 3.2 + 0.4 mg/kg of actual fetal weight.
Fetal heart rate and pulmonary and systemic arterial and amniotic fluid pressures were monitored continuously while the ewe was in the chamber. At the end of each experimental period, maternal and fetal samples for blood gas analysis were drawn, radioactive microspheres were injected into the fetal superior vena cava, and blood was simultaneously withdrawn from the pulmonary arterial catheter. At the end of the experiment, the ewe and fetus were killed with barbiturate. Catheter positions in the ewe and fetus were checked at autopsy. The fetus was weighed as well as its heart, brain, kidneys, spleen, placenta, and lungs. The organs were sliced while wet and placed in tubes filled to uniform height for counting of the radioactivity of the microspheres.
Calculations and data analysis. Amniotic fluid pressure was used as reference pressure, and the vascular pressures were corrected for it. In each fetus, the proportion of microspheres distributed to the individual organs was calculated by dividing the counts in the individual organ by total injected counts. Pulmonary blood flow was calculated by the reference sample technique (19, 20) . Total pulmonary resistance was calculated as pulmonary arterial pressure/pulmonary blood flow in ml/kg/ min.
The value of each variable at the end of each period of normoxia or hyperoxia was examined by repeated measures analysis of variance. If it changed significantly, multiple painvise comparisons of each period and the next period, as well as of the initial and final periods of normoxia, were made by the method of Bonferoni (2 1). A value ofp 5 0.05 was chosen for significance.
RESULTS
Hyperoxia increased oxygen tension in the right atrium of the ewes from 46 + 1 to 23 1 k 75 torr ( p 5 0.05). Carbon dioxide tension in the right atrium of the ewes also increased from 33 + 1 to 40 + 2 torr ( p 5 0.05). In the control fetuses and in the fetuses treated with indomethacin during hyperoxia, pulmonary arterial oxygen tension more than doubled (Table 1 ). There were small increases in carbon dioxide tension and, therefore, hydrogen ion concentration in both groups of fetuses.
Hyperoxia increased pulmonary blood flow by about 10-fold in both groups of fetuses (from 32 + 11 to 258 + 27 ml/kg/min in the control and from 29 + 4 to 324 + 23 ml/kg/min in the indomethacin-treated fetuses) (Fig. 1) . As pulmonary arterial pressure did not change in either group of fetuses, total pulmonary resistance decreased by about 10-fold. Indomethacin did not diminish the effects of hyperoxia on the pulmonary circulation. Pulmonary arterial pressure did not increase (50 + 3 to 48 + 2 torr), pulmonary blood flow did not decrease (324 + 23 to 283 + 13 ml/kg/min), and total pulmonary resistance did not increase (0.16 + 0.02 to 0.17 + 0.01 torr kg/min/ml).
Returning the control fetuses to normoxia returned pulmonary arterial pressure, blood flow, and resistance to their values during the initial period of normoxia (Fig. 1) . Returning the fetuses treated with indomethacin to normoxia did not return the pulmonary circulatory variables to their initial values. Pulmonary arterial pressure increased to an average of 22 torr more than during the initial period of normoxia (Fig. 1) . In association with the increased perfusion pressure, pulmonary blood flow decreased from its value during hyperoxia but remained above its level during the initial period of normoxia (Fig. I) .
Hyperoxia did not close the ductus arteriosus in either group of fetuses. This is demonstrated by the continued delivery of 16-28% of the initial proportion of microspheres to the organs supplied by the descending aorta (Table 2 ). These microspheres were delivered to the descending aorta by superior vena caval blood flowing right to left across the ductus arteriosus, not across the foramen ovale. The lack of foramen ovale shunt is demon- strated by finding only 0.08 f 0.02% of the microspheres in the heart and brain in both groups during all periods but the final period of normoxia in the indomethacin-treated fetuses.
There was also no gradient between pulmonary and systemic arterial pressure with this flow of blood across the ductus arteriosus during hyperoxia (Fig. 2) . Indomethacin appeared to constrict the ductus arteriosus, decreasing the proportion of microspheres reaching the descending aorta (Table 2 ). However, because of the low total pulmonary Norrnoxia Hyperoxia H y p e r o x i a Norrnoxia resistance, the gradient between pulmonary and systemic arterial pressure did not increase (Fig. 2) . The ductus arteriosus remained constricted when the indomethacin-treated fetuses were returned to normoxia. This caused a large pressure gradient from pulmonary to systemic arterial pressure and caused superior vena caval blood to shunt right to left across the foramen ovale, delivering 1.7 k 1.2% of the microspheres to the heart and brain. In contrast, the ductus arteriosus was not constricted in the control fetuses during the return to normoxia. In the controls, the proportion of microspheres delivered to the descending aorta by blood flowing across the ductus arteriosus returned to its initial baseline (Table 2) , and there was no pressure gradient from the pulmonary artery to the aorta (Fig. 2) . DISCUSSION Morin et al. (18) reported that increasing oxygen tension in the fetal lamb to near newborn values, without ventilating the lungs, increased pulmonary blood flow to newborn values. Our data confirm these findings. At birth, pulmonary blood flow increases by approximately 10-fold (2), and the pulmonary blood flow of the normal newborn lamb is 290 ml/kg/min in a warm environment (22) . During hyperoxia, pulmonary blood flow increased 9-fold to 295 + 20 ml/kg/min (or 1056 k 99 m1/100 g of lung/min) in our nine fetal lambs. 3 Significant difference between the initial and final period of normoxia.
The increase in pulmonary blood flow during hyperoxia was not due to constriction of the ductus arteriosus. Constricting the ductus arteriosus either mechanically or by inhibiting prostaglandin synthesis can increase pulmonary blood flow to a lesser extent (23, 24) . However, in that case the increase in blood flow is due to an increase in perfusion pressure and is associated with a pressure gradient from the pulmonary artery to the aorta (23, 24) . The maintenance of flow at a lesser level when the indomethacin-treated lambs were returned to normoxia was caused by constriction of the ductus arteriosus. During this period, pulmonary arterial pressure and the gradient from pulmonary to systemic arterial pressure increased substantially. In addition, the high afterload thus placed on the right ventricle caused blood from the superior vena cava to shunt across the foramen ovale to the left atrium. Assuming that left ventricular output is one-third of combined ventricular output (19) and that blood flow to the heart and brain is 6% of combined ventricular output (25) , one can determine that the 1.7 + 1.2% of the microspheres found in the heart and brain represent about 10% of blood from the superior vena cava shunting across the foramen ovale. - In contrast, during hyperoxia, pulmonary arterial pressure did not increase in our fetuses, and there was a substantial flow of blood across the ductus arteriosus without a pressure gradient. In addition, there was no shunting of blood from the superior vena cava across the foramen ovale. The 0.08 + 0.02% of the microspheres found in the heart and brain in both groups of fetuses during all periods but the final period of normoxia after indomethacin represents less than 1% of the blood from the superior vena cava shunting across the foramen ovale. This is consistent with the findings of others in the intrauterine fetal lamb (18, 25) . Similarly, during hyperoxia after indomethacin, pulmonary blood flow remained high, but there was no increase in pulmonary arterial pressure, in gradient from pulmonary to systemic arterial pressure, or in shunting of blood from the superior vena cava across the foramen ovale. Thus, the increase in pulmonary blood flow during hyperoxia and its maintenance during hyperoxia after indomethacin were caused by a decrease in total pulmonary resistance, not by constriction of the ductus arteriosus.
The decrease in total pulmonary resistance and increase in pulmonary blood flow during hyperoxia were caused by the greater than 100% increase in oxygen tension. Hyperbaria itself does not have these effects in the fetal lamb (18) . There was a small increase in the tension of carbon dioxide and decrease in pH. However, respiratory acidosis itself does not decrease pulmonary resistance in the fetal or newborn lamb (1 2, 13, 26, 27) . The increase in carbon dioxide tension may have been due to the Haldane effect as the venous oxygen tension in the ewes during hyperoxia was high enough to saturate hemoglobin (28) . A decrease in ventilation by the ewes could also have contributed.
It has frequently been proposed that prostaglandins play an important role in the decrease in pulmonary vascular resistance at birth (3-6, 8, 9, 29) . This hypothesis has several types of support. Prostaglandins Dz, Ez, 6-keto-El, and I2 (prostacyclin) are potent dilators of the pulmonary circulation in fetal and neonatal lambs and goats (5) (6) (7) (8) (9) (10) . Prostacyclin is the most likely candidate as it is produced by the lungs with the initiation of breathing at birth (2, 1 1, 12) . LeMer et al. (4) reported that blocking prostaglandin synthesis with indomethacin markedly attenuated the decrease in pulmonary vascular resistance caused by ventilating the "in situ" perfused lung of the fetal goat. Using a similar preparation, Tyler et al. (30) found that giving indomethacin shortly after the initiation of the ventilation raised pulmonary vascular resistance. Redding et al. (3 1) reported that blocking prostaglandin synthesis with meclofenamate increased pulmonary vascular resistance in piglets in a manner inversely proportional to age during the 1st 12 days of life. Surprisingly, we found that indomethacin did not diminish the pulmonary vascular response of the fetal lamb to oxygen. Indomethacin, given during hyperoxia, did not decrease pulmonary blood flow or increase pulmonary arterial pressure or resistance.
Could the lack of effect of indomethacin in our lambs be due to an inadequate dose or an inadequate interval from administration to measurement of its effect? The dose of indomethacin and the interval after the dose were chosen to reproduce the approach used by those reporting effects on the perinatal circulation. Tyler et al. (30) used 1.9 to 2.5 mg/kg of indomethacin in their premature and mature newborn sheep who were separated from the placenta. LeMer et al. (4) used a dose of 3 mg/kg in their fetal sheep who were subsequently separated from the placenta. A dose of 3 mg/kg has been chosen as a dose which blocks whole body synthesis of prostaglandins (32) . Because indomethacin crosses the placenta (4, 33) , and our fetuses would continue to have a placental circulation throughout the experiment, we treated both the ewe and fetus with 3 mg/kg of indomethacin to prevent losses across the placenta. Tyler et al. (30) , LeMer et al. (4) , and Redding et al. (3 1) each used intervals of 30-45 min after administration to measure the effects of prostaglandin synthesis blockade. In addition, Tyler et al. (30) reported that the effects of indomethacin on the response of the pulmonary circulation of the perinatal lamb to change in oxygen tension were maximal by 30 min. Thus, we chose 30 min.
There are other data indicating this dose and this interval are adequate for blocking prostaglandin synthesis in the lamb. LeMer and Busiia re~orted that cerebros~inal fluid concentrations of 6-ket~-~rostaglandin-~~,, the hydroiysis product of prostacyclin, as well as the thromboxane BZ and prostaglandin E2 decreased to negligible levels 30 min after a 5 mg/kg dose of indomethacin in the newborn piglet (34). Morin (35) reported that plasma concentrations of 6-keto-prostaglandin-FI, decreased by more than 50% by 30 min after a 3 mg/kg dose of indomethacin in the newborn lamb. In addition, Morin et al. (36) reported, using the same protocol for oxygen and indomethacin administration used in this study, that indomethacin decreased plasma concentrations of 6-keto-prostaglandin-Fh in the fetal lamb by more than 50% during hyperoxia.
Our results are consistent with the literature showing no major involvement of prostaglandins in the vascular response of the adult lung to hypoxia (37, 38) . They are also consistent with data on prostacyclin production by the fetus during a rise in oxygen tension produced without ventilation of the lungs. Leffler et al. (39) found that the lungs of the fetal lamb did not produce 6-keto-prostaglandin-F,, when their oxygen tension was raised by "in situ" perfusion from a membrane oxygenator. Morin et al. (36) found that the plasma concentrations of 6-keto-prostaglandin-F1, did not increase when oxygen tension in the chronically instrumented fetal lamb was raised by the hyperbaric chamber technique used in this study.
It is possible that prostaglandins have a role in the increase in pulmonary blood flow at birth unrelated to the maintenance of the response to oxygen. It is conceivable they are involved in the initiation of this response but not its maintenance. Alternatively, they could mediate the response to ventilation of the lungs with a gas. Though an increase in oxygen tension alone can increase fetal pulmonary blood flow to newborn values (18) , ventilation of the lungs with a gas which does not change oxygen tension also increases fetal pulmonary blood flow to a lesser extent (12, 40, 41) . LeMer et al. (39) did find that ventilation of the fetal lungs with such a gas caused them to produce 6-keto-prostaglandin F,,. It is plausible that a response as important as the increase in pulmonary blood flow at birth could be initiated by more than one stimulus and carried out by more than one mechanism. However, the increase in pulmonary blood flow caused by an increase in oxygen tension alone is not diminished by blockade of prostaglandin synthesis.
